JSTOR is a not-for-profit service that helps scholars, researchers, and students discover, use, and build upon a wide range of content in a trusted digital archive. We use information technology and tools to increase productivity and facilitate new forms of scholarship. For more information about JSTOR, please contact support@jstor.org. Exhaustive activity in starry flounder resulted in an acidosis in the whole-body extracellular fluid (ECF) and intracellular fluid (ICF) compartments. In the ECF, the acidosis consisted of a short-lived respiratory component (increase in CO2 tension [Pco2]) followed by a longer-lived metabolic component (decrease in [HCO3] ). The acid-base disturbance was corrected by 8-12 h. There was little lactate accumulation in the blood, with levels rarely greater than 1-2 mmol/liter, and at all times the blood metabolic acid load (AH'm) was in excess of the blood lactate load (ALa-). Blood 
INTRODUCTION
Strenuous activity in fish results in a pronounced acid-base disturbance in the extracellular fluid (ECF) compartment that has been well characterized in terms of its nature and duration (see Wood and Perry 1985) . Pronounced perturbations in both extracellular and muscle intracellular metabolites have also been documented (Black et al. 1960 (Black et al. , 1962 Wardle 1978; Batty and We thank the director, Dr. A. O. D. Willows, and staff of Friday Harbor Laboratories, University of Washington, for their assistance and hospitality. This work was funded by an NSERC operating grant to C.M.W. C.L.M. was supported by an Ontario Graduate Scholarship.
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Physiol. Zool. 60(1): 37-53. 1987. -1987 by The University of Chicago. All rights reserved. 0031-935X/87/6001-8623$02.00 Wardle 1979; Turner, Wood, and Clark 1983; Turner, Wood, and Hobe 1983; Milligan and Farrell 1986) . Some portions of the acidic equivalents ( and lactate ions produced in muscle move out into the blood, where their fates are uncertain, as are the fates of the portions remaining in the myotome. The actual pattern of lactate and H accumulation in the blood is species dependent, apparently correlated with the fish's ecology. In the benthic, inactive starry flounder, appearance of lactate in the blood is minimal and the H load is far in excess of the lactate load (ALa-) (Wood, McMahon, and McDonald 1977) , a discrepancy opposite that in active species, such as rainbow trout (Turner et al. 1983a ). Little is known about the mechanism(s) leading to these lactate versus H discrepancies in the blood or about the possible effects of the extracellular acidosis on other tissues.
Our knowledge about acid-base changes in muscle, the major site of glycolysis, and possible relationships between intracellular pH (pHi) and metabolic events is similarly sparse.
The present study focuses on acid-base changes in the whole-body extracellular fluid (ECF), intracellular fluid (ICF), and environmental water after strenuous activity in the starry flounder, with particular emphasis on transcompartmental exchanges of metabolic acid (i.e., nonvolatile, fixed acid, as opposed to CO2 [respiratory acid]). A companion paper (Milligan and Wood 1987) documents simultaneous changes in acid-base and metabolite status of individual tissues. A third paper (Wood and Milligan 1987) examines possible adrenergic controls on H+ and lactate dynamics in exercised starry flounder. These studies complement our previous work on the active, pelagic rainbow trout (Salmo gairdneri; Wood 1986a, 1986b) . The overall goal was to compare the strategies of two very different fishes that inhabit different environments (seawater vs. freshwater), possess different life-styles (benthic vs. pelagic), and, more important, differ in their exercise performance (relatively inactive vs. active). We have used the DMO method (Waddell and Butler 1959) to investigate the intracellular acid-base disturbance associated with exercise. Recently this technique has been validated for detecting pHi transients in fish over a time course similar to that likely to occur after exercise (Milligan and Wood 1985) .
MATERIAL AND METHODS EXPERIMENTAL ANIMALS
Starry flounder (Platichthys stellatus; 150-1,200 g) of both sexes were collected by otter trawl from East Sound, Orcas Island, and Birch Bay, Washington, from October through December 1982. Fish were held in large (6,800-liter) tanks with sand-covered bottoms supplied with fresh running seawater (29%o) at seasonal temperature (11 -1 C) at Friday Harbor Laboratories, University of Washington. During holding, fish fed ad lib. on other small fishes and invertebrates present in the tank.
For 3-5 days prior to experimentation, flounder were acclimated to laboratory conditions indoors in Plexiglas, sand-covered tanks supplied with fresh seawater, during which period they were starved.
Caudal artery catheters were surgically implanted according to the method of Watters and Smith (1973) while fish were under MS:222 (1:10,000; Sigma) anesthesia. The caudal artery was exposed by making an incision (~ 3 cm) in the caudal peduncle just ventral to the lateral line. A nick was made in the artery with a 26-gauge needle, and an ~30-cm length of PE-50 tubing (Clay-Adams) filled with heparinized saline was fed anteriorly into the vessel to the level of the heart. The wound was dusted with oxytetracycline hydrochloride (Syndel Labs, Vancouver), to prevent infection, prior to closing it with silk sutures.
Catheters were filled with heparinized (50 IU/ml) Cortland saline (Wolf 1963) adjusted to 160 mM NaC1. Fish were then placed in 15-liter plastic tubs supplied with fresh-flowing seawater (1.5 liters/min) at 11 -1 C and allowed to recover for >72 h before experimentation. These tubs were fitted with an aeration ring around the perimeter, which allowed them to be operated as low-volume (1 liter/100 g body wt) closed systems for flux measurements. Temperature was maintained at 11 -1 C by bathing the tubs in flowing seawater.
Resting values for many physiological parameters are never attained when flounder are held in bare tanks, for the fish lack substrate in which to bury (Wood, McMahon, and McDonald 1979a, 1979b ).
Sand could not be used because it prevented thorough mixing and supported microorganism growth that would influence H-and ammonia-flux measurements. Instead, a piece of black plastic mesh, under which the flounder could lie, was mounted 5-10 cm from the bottom of the tub. This appeared to mimic the effect of sand satisfactorily, for the fish did not exhibit any undue activity and key physiological parameters, such as arterial pH (pHa) ( fig. 1A) and arterial 02 tension (Pao2), were typical of those previously reported for resting, buried flounder (Wood et al. 1979a (Wood et al. , 1979b All use subject to http://about.jstor.org/terms groups, only one of which (n = 8) was subjected to exercise. The other group (n = 8) served as a control for sampling effects.
These fish were sampled in the same fashion as the exercise group but otherwise were left at rest throughout. Twenty-four hours prior to exercise, the inflow to the tub was closed, the volume standardized to 1 liter/100 g body wt, and thereafter water was recirculated within the tub by means of aeration. The tub was thoroughly flushed with fresh seawater at experimental temperature (11 + 1C) for ~20 min at 12 h prior to exercise, at the time of exercise, and then again at 12 and 24 h after exercise, at which point the experiment was terminated. Thus, two 12-h control periods at rest were followed by two 12-h periods after exercise. The water was flushed at 12-h intervals to prevent ammonia levels in the tub from exceeding 500
Mmol/liter. At the beginning of the 12-h flux period prior to exercise (i.e., the second control period), fish were infused with a 1 ml/kg dose of 5 iCi/ml '4C-DMO (5,5-dimethyl-2,4-oxazolidinedione; New England Nuclear; specific activity 50.0 mCi/mmol) plus 20 tCi/ml 3H-mannitol (New England Nuclear; specific activity 27.4 mCi/mmol) in Cortland saline (Wolf 1963) adjusted to 160 mmol/liter NaC1, followed by an equal volume of saline. This allowed 12 h for marker distribution before the first blood sample was taken. Water samples for ammonia, titratable acidity, and 3H and 14C radioactivity analysis were taken at the start and end of each 12-h period prior to exercise, immediately after exercise, and at 1, 2, 4, 8, 12, and 24 h after exercise. Thus, net fluxes of ammonia and H+ as well as losses of markers to the environment could be followed throughout.
To induce strenuous activity, flounder were transferred to a shallow rectangular tank (128 X 98 X 9 cm) and then vigorously chased by hand for 10 min (see Wood et al. 1977 were mixed, placed on ice for 5 min, and then centrifuged at 9,000 g for 3 min. The samples were stored at 5 C for not longer than 48 h prior to analysis. The concentration of lactate in the supernatant was analyzed using the 1-lactate dehydrogenase/ NADH method described by Loomis (1961) , using Sigma reagents. Whole-blood [glucose] was analyzed on 100-tl samples deproteinized in 900 j1l ice-cold 3% trichloroacetic acid, using the O-toluidine method of Hyvarinon and Nikkita (1962) and Sigma reagents. Plasma [protein] was determined using refractometry (American Optical). For determination of 3H-mannitol and 14C-DMO radioactivity in the ECF, 50 pl of plasma was added to 10 ml scintillation fluid (ACS; Amersham) and counted on a Beckman LS-250 liquid scintillation counter. The injected stock was similarly assayed. Radiotracer loss to the water was determined by counting 5 ml water in 10 ml ACS fluor. Dual label quench correction was performed using the external standardratio method described by Kobayashi and Maudsley (1974) . Whole-body ECFV at each time was calculated by the "net retention" method of Hickman (1972) :
where plasma water was calculated from the refractive index. X Sampled refers to loss of the marker via blood sampling and was calculated as (1 -Ht) X vol (ml) X plasma [3H-mannitol] (dpm/ml) I sampled (dpm)= plasma H20 (ml/ml) (3) plasma H20 (ml/ml) where Ht was expressed as a decimal and vol was the volume of each Excreted at each time was calculated as X excreted (dpm) = water [3H-mannitol] (dpm/ml) X water volume (ml), (4) taking into account the exchange of water during flushes. At some sample times, a correction factor was applied to the calculated ECFV estimate to compensate for penetration of mannitol into the intracellular space (see Results). Finally, ICFV was calculated as the difference between total body water and ECFV.
Mean whole-body pHi at each time was calculated according to the equation of Waddell and Butler (1959) : [DMO]e (dpm/ml) = (6) Plasma H20 (ml/ml) and
[DMO]i (dpm/ml)
where X sampled and X excreted were calculated analogously to equations (3) and (4), respectively. The importance of accounting for marker excretion and loss owing to sampling in whole-body pHi calculations has been demonstrate Wood, and Wheatly (1984) an Cameron (1985) .
Total AH+m to the whole bo time was calculated as AH+m (meq/kg) = AH~mEcF(meq/kg) + AHmmIc (meq/kg), (8) where AH+mECF(meq/kg) = BV (l/kg) X AH+mwB (meq/liter) + {(ECFV-PV)(1/kg)X AH+mIsF(meq/liter)}. (9) BV and PV were blood and plasma volumes, respectively, for which we used values measured in rainbow trout by Milligan and Wood (1982) , in view of the similarity in ECFV between the two species (see Results). AH+mwB was calculated using equation (1). (n = 6; r= -0.993; NOTE.-There were no significant differences at any time between the control and the exper n = 8 for all readings. (nr = 6; r = -0.993; P<.005).
The buffer value for separated plasma was A further complication was lengthy marker-equilibration time. At rest (12 h postinfusion) the calculated whole-body ECFV in both groups was 256 ml/kg (table 2), which agreed closely with estimates, determined by means of different fig. 1D ).
Further consequences of enforced activity were rapid, significant elevations in Ht, [Hb] , and plasma [protein] (fig. 3A, 3B, 3D ). These changes most likely reflected a general hemoconcentration due to a fluid shift out of the ECFV and into the ICFV (see below). MCHC ( fig. 3C) increased by -50%, the change was not significant until 0.5 h after cessation of activity ( fig. 3E ). Furthermore, repetitive blood sampling did not affect glucose levels in either the control or the exercise group.
WHOLE-BODY FLUID DISTRIBUTION AND pHi
After cessation of activity, whole-body ECFV fell by 10%-20% and remained depressed until 4 h into recovery ( fig. 4A ).
Since total body water remained constant at various times after activity (at 784.0 + 2.9 ml/kg; n = 40), the reduction in ECFV was a direct consequence of a fluid shift into the ICFV. This resulted in a reciprocal expansion of the ICFV ( fig. 4B ) until 4 h into recovery.
At rest, whole-body pHi in the control group, 7.56 + 0.04 (n = 8), was virtually identical to that in the exercise group, 7.58 + 0.05 (n = 8; fig. 5A , 5B During the two 12-h periods prior to activity, net H-excretion averaged ~ -160 jieq/kg/h in both the control and exercise groups ( fig. 6 ). This did not change appreciably in the control group during the experimental period. However, in the exercise group net H-excretion to the water increased threefold ( fig. 6D ). This was associated with a significant decline in titratableacidity uptake, from a positive (+70 jteq/ kg/h) to a highly negative (-200 jteq/kg/h) value ( fig. 6F ). Ammonia excretion increased at this time ( fig. 6E ), but the change was small. The significance of the increased ammonia excretion is questionable, for similar increases occurred in the control group ( fig. 6B ), implying that the cause was other than activity related.
Net H excretion returned to baseline values by 8-12 h into recovery, coincident with a similar change in the titratable-acidity uptake. During the final 12 h of recovery, net H excretion declined significantly, to near zero (-7.8 + 42.6 jieq/kg/h; n = 8; fig. 6D ), representing a period of relative H uptake (or basic-equivalent excretion) compared with the preactivity periods. A similar pattern was not evident in the controls ( fig. 6A ), suggesting that this was not a resetting of basal excretion, but rather a true reversal of H excretion. Once again the change was associated with a similar alteration in the titratable-acidity flux ( fig. 6F ).
DISCUSSION BLOOD ACID-BASE CHANGES
The arterial acid-base disturbance ( fig. 1) after enforced activity in the starry flounder was qualitatively similar to those observed in other teleosts that had contributions from both respiratory and metabolic components (see Wood and Perry 1985) .
The rise in PCo2 (respiratory component) was due, no doubt, to both an increased production and efflux of CO2 from the aerobic tissues and conversion of blood HCOE to CO2 by H released from the glycolytic muscle mass. This H-efflux from the working muscle thereby represented the metabolic component of the blood acidosis that was buffered partly by HCOE and partly by blood proteins (Wood et al. 1977) .
In most other fish examined to date, the peak in blood AH~m was coincident with the peak in PCo2 (respiratory acid), which occurred immediately after exercise (Wood and Perry 1985 blood AH+m had peaked (at 1 h into recovery, fig. 3 ). These patterns were very similar to those in venous blood of exercised starry flounder, as measured by Wood et al. (1977) . Thus, there appears to be a temporal separation of respiratory and metabolic acid loading to the blood that will attenuate the overall acidosis. The reason for this separation is not clear, though it may be related to a differential perf aerobic versus glycolytic tissue ALa-AND AH+m In starry flounder, the rise in tate] after exhaustive exerci small, rarely attaining levels >2
( fig. 1D ). This minimal appear tate in the blood appears to be c Wood and Perry 1985) often attained levels as high as 20-25 mmol/liter, that is, 20-30 times resting levels. In flounder, the postexercise H+m greatly exceeded the ALa-( fig. 2) . The two did not come into equilibrium until into recovery, at which time they had turned to rest levels. A similar phenom has been observed in the other inactiv cies, but exactly the opposite pattern ALa-exceeding AH~m) has been obse in active pelagic fish (Wood and P 1985) .
In the starry flounder, it is conceivable that differential uptake, from the blood, of lactate in excess of H could contribute to this apparent differential appearance.
However, in the flathead sole, the rates of lactate and H removal from the blood were equal after lactic acid infusion (Turner et al. 1983b) . The low urine flow of marine flatfish argues against the kidney as a site of significant excretion . Lactate excretion at the gills was not measured in the starry flounder, but in the rainbow trout it amounted to <1% of H excretion (Milligan and Wood 1986a) . On balance, the most plausible hypothesis is that the phenomenon reflects differential lactate and H release from the white-muscle mass, though the controlling factors remain obscure. H movement may be constrained by the "equilibrium limitations" described by Holeton and Heisler (1983) , such as pH gradient and the extracellular buffer capacity. Lactate release may be carrier mediated (Hochachka and Mommsen 1983) . Wardle (1978) has suggested that, in plaice, a lactate "non-release" mechanism, under the influence of circulating catecholamines, is operative at the level of the muscle. The possible adrenergic influences on lactate and H dynamics after exercise in starry flounder are the subject of an accompanying paper (Wood and Milligan 1987) .
FLUID VOLUME DISTRIBUTION
As determined with 3H-mannitol, rest values of ECFV in starry flounder were similar to those reported for other teleosts (e.g., rainbow trout Wood 1982, 1986a] and channel catfish [Cameron 1980 (Cameron 1980) . Interestingly, however, the artifactual elevation of ECFV due to marker penetration of the tissues starting 12 h postinfusion occurred at the same rate as in Hickman's study (table 2) .
Enforced activity resulted in a contraction of the ECFV, and, since totol body water did not change, a reciprocal expansion muscle (Milligan and Wood 1987) , the redistribution no doubt caused by the breakdown of glycogen into lactate, the increase in other osmolytes (e.g., inorganic phosphate), and the subsequent rise in intracellular osmotic pressure. In turn, the reduction in ECFV produced hemoconcentration, as indicated by the increase in Ht, [Hb] , and plasma [protein] .
WHOLE-BODY pHi
Mean whole-body pHi in flounder at rest (7.5-7.6) was higher than the 7.2-7.3 observed for rainbow trout (Hobe et al. 1984; Milligan and Wood 1986a) and channel catfish (Cameron and Kormanik 1982) .
This probably reflected the higher pHi of white muscle in the starry flounder (Milligan and Wood 1987) , for this compartment constitutes the bulk of the body mass. After exercise, the drop in whole-body pHi was very similar to that in white-muscle pHi (Milligan and Wood 1987) . This intracellular acidosis was corrected much more rapidly than the extracellular disturbance, with intracellular alkalosis occurring at 8 h after exercise. The response of flounder whole-body pHi differs markedly from that of the whole-body pHi of rainbow trout. In the latter, the postexercise whole-body pHi excursion was greater (0.47 units vs. 0.34 units), probably owing to a greater intensity of exercise. Furthermore, in trout wholebody pHi was slower to recover, requiring up to 12 h, and did not exhibit an alkalosis. The implications of this difference are discussed below.
The accuracy of the estimate of pHi in a dynamic situation is dependent on full equilibration of DMO between the ICFV and ECFV. In trout white muscle perfused in vitro, full equilibration is attained within 15 min of a step change in pH (Milligan and Wood 1985) ; shorter periods were not tested. Thus the reliability of the present fig. 6 ). These fluxes undoubtedly occurred across the gills, since in seawater the teleost kidney is relatively insignificant in acid-base regulation owing to its low-volume output .
The mechanism(s) of acid excretion in marine fish is (are) poorly understood. Heisler (1982) suggested that acid excretion following exercise is achieved mainly via CP-/HCO3 exchange in dogfish (Scyliorhinus stellaris) and Conger eels (Conger conger). However, Evans (1982) has shown that Na+/H+ exchange is important in clearing a hypercapnia-induced acidosis in toadfish (Opsanus beta) and spiny dogfish (Squalus acanthias). In lemon sole (Parophrys vetulus), H+ excretion in response to mineral acid loading was associated with an increased ammonia efflux . In the present study, the virtually unchanged ammonia excretion after exercise argues against a prominent role for ammonia in acid excretion. By way of contrast, in the freshwater rainbow trout after exercise, H+ excretion is associated with greatly increased ammonia excretion (Milligan and Wood 1986a (Milligan and Wood 1987) , and the mean whole-body pHi changes shown in figure 5 . We assumed that the bulk of the intracellular buffer capacity resides in the white muscle, which occupies 60% of the body mass, and that contributions from other tissues were negligible.
Therefore, the estimate of AH~m in the ICF will tend to err on the conservative side. H loading to the environment was calculated assuming that preexercise excretion rates represented basal production.
The analysis revealed that, up to 4 h after exercise, the bulk of the H load remained intracellular ( fig. 7 ; AH~mICF). Approximately 20% of the total AH~m passed through the ECF ( fig. 7 , AH+mECF) and subsequently appeared in the environmental water ( fig. 7 ; AH+mH20). The intracellular H load was cleared rapidly, so that by 8 h into recovery the ICF experienced an alkalosis. The AH~m deficit in the ICF was equivalent to the quantity of H excreted into the water. The alkalosis in the whole-body ICF at 8 h probably reflected an alkalosis in both the white-muscle mass and the liver (Milligan and Wood 1987) . By 24 h after exercise, the H excreted to the water was taken back, thereby aiding correction of the intracellular alkalosis.
Thus, after strenuous exercise, the starry flounder temporarily stores H in the environmental water to hasten restoration of intracellular acid-base status, perhaps as a means of aiding metabolic recovery (Milligan and Wood 1987) . Total metabolic acid production after exhaustive exercise in the starry flounder ('-8 meq/kg; fig. 7 ) was approximately half that of the rainbow trout, and its disposition between ICF, ECF, and the environmental water was very different between the two species (Milligan and Wood 1986a) . In trout, only 6% of the total H load (vs. 20% in flounder) appeared in the water, and this transfer appeared to expedite recovery of the extracellular compartment; clearance of H from the intracellular compartment occurred largely via aerobic metabolism rather than via export Wood 1986a, 1986b) . This difference may be re- delivery through the bloodstream is critically important. Therefore, the priority lies in correcting the extracellular, rather than the intracellular, acidosis. The flounder, on the other hand, leads mainly a benthic life, possessing little aerobic red mus burden of locomotion is placed on t colytic white muscle (Duthie 198 even severe anemia has little effect on exercise performance (Wood et al. 1979b 
